Abstract. 2014 The morphology of precisely oriented n and p+ type Si(111) hydrogenated surfaces has been studied by UHV-STM and AFM at ambient after "chemical" etching in 40% NH4F. Whereas atomically flat surfaces are obtained with the n-type samples, the surface of p+ substrates is rough. It is shown that these observations stem from a variation of the partition between the chemical (anisotropic) and the electrochemical (isotropic) components of the etching reaction. This is the uptake of the latter reaction path at the p+ -type specimen which explains the surface roughening in this case.
Abstract. 2014 The morphology of precisely oriented n and p+ type Si(111) hydrogenated surfaces has been studied by UHV-STM [1] [2] [3] [4] , such wet treatments are able to produce surfaces with different morphologies, as it has been studied by ex-situ (in the UHV) [5] or in-situ (i.e. in the solution) STM imaging [6] [7] [8] [9] [10] or by studying the IR absorption stretching modes of Si hydride species at the surface [11] [12] . The H-termination, as well as the pH dependence of the atomic structure of n-Si(lll) surfaces, has been recently explained by reaction models describing the process at the molecular level [9, [13] [14] .
Since the work of Chabal and co-workers [12] , it has become very topical to prepare ideal atomically flat Si(lll) surfaces by etching in 40% NH4F. The role of the surface miscut has been also studied in details [15] . Nonetheless Samples were cut from precisely oriented Si(lll) wafers (Virginia Semiconductors, U.S.A.). They were first degreased in organic solvents and cleaned according to the RCA treatment [16] including a first oxidation step in a mixture (NH40H 28%, H202 30%, H20) (volume proportions respectively 1,1,4), followed by a succession of oxidation in a mixture (HCI 36%, H202 30%, H20) (1,1,4) and oxide stripping in HE Between each of these steps samples were rinsed with 18 MS2.cm deionized water. After the last oxidation, the surface was finally etched in 40% NH4F (pH 8).
Experiments have been conducted with n type (p l'V 5 x 10-2Q.cm, As dopant) and p+ type (5 x 10-303A9.cm, B dopant) samples. Surfaces were characterized by XPS to check contamination by 0, C and F. The surface topography was studied by AFM at ambient or UHV-STM after introduction of the sample in the UHV chamber via an air-lock system. The surface roughness has been also investigated by determining the rms height profile [17] . ing etching times in 40% NH4F Even the initial H-terminated substrate is not ideally flat. The roughness increases with time and it was found that it presented no preferential directions. The time dependence of the rms is shown in figure 2 . Figure 3 is a typical UHV-STM image of the surface of the low doped n-type Si(lll) after a 4 min of etching. Eight atomic layers are exposed in this image. The directionality of the attack is accounted by the triangular shape of etch pits obtained during removal of the Si layers. Triangle edges are parallel to the three (1-10) equivalent directions. AFM observations, performed after increasing etching times revealed an increase of the average size of triangles, indicating a progressive growth. 4 . Discussion.
The interpretation of results requires to consider the dissolution process of Si and the energy diagram of the contact Si/solution. When dipping Si(111) samples in 40% NH4F, a situation also [9, 13] . This first step can be either a CE or an EC process as shown in figure 4 . The CE hydrolysis (Fig. 4, top) occurs in a single step when a water molecule comes into close proximity of the Si-H bond to react. A H2 molecule is released during this sequence. The EC hydrolysis (Fig. 4, bottom) is a two step mechanism, including the dissociation of the Si-H bond followed by the attachment of the OH group on the Si(*) sites [a Si(*) species corresponds to charged surface states located on a Si atom which has lost its H ligand]. One proton is released and 2 electrons are thermally injected into the conduction band. For the sake of clarity the EC reaction has been equilibrated for only one substitution in figure 4b. The formed Si-OH groups, which are precursors to dissolution, enable the removal of the Si atom from the surface as HSiX3 (with X = F or OH) after several purely chemical steps. These steps are faster than the hydrolysis process, which must be rate determining to explain the surface remains H-terminated (see Refs. [9, [13] [14] for more details).
The primary aim of the above description was to show that atomically flat terraces on Si( 111 ) are the result of chemical dissolution while rough surfaces are due to enhanced electrochemical process. The chemical hydrolysis is indeed easiest and fastest at step edge for steric reasons and also because Si-H bonds are almost in the surface plane (Fig. 4a) . The EC Si-OH bond formation is in contrast possible on terraces since the dissociation of the Si-H bond dissociation allows reaction between molecular water and formed Si(*) sites. This fits in-situ STM observations [4, 7, 9] and Monte-Carlo simulation of the dissolution [18] showing that the relative importance of the two reaction paths depends on several parameters such as the solution chemistry (pH, concentration in fluoride species, potential, etc.) [6] [7] [8] [9] on low doped n-Si substrates. That ideally flat surfaces can be prepared in 40% NH4F [12] comes from the fact that the dissolution is 50% chemical in nature and from a rather small etch rate (rv 2 Å/min on low doped n-Si(lll) with a miscut of 1° ) [9] . On precisely oriented samples, as in figure 3 , the dissolution proceeds according to the nucleation and growth of triangular pits (one double layer deep), whose edges, parallel to (1 -10) directions correspond to = Si-H monohydride terminated steps which are the most stable ones. This has also been observed by others [15] . On stepped surfaces the lateral flow of steps may be faster than the nucleation of triangular etch pits leaving an almost perfect staircase arrangement of terraces [5, 15] . The origin of the increasing roughness with increasing doping effect (Figs. 1-3 ) strongly suggests that the EC reaction path becomes enhanced with increasing doping. Fig. 4 bottom) . The position of bands with respect to solution levels and the band bending have been experimentally derived from capacitance measurements [9, 19] ... The rest potential, i.e. the Fermi level of both samples, is nearly equal to the H2P/OH-redox potential. The position of different energy levels at the surface has been discussed previously [14] (the Si-OH group is chemically attacked, see previous paragraph) which is consistent with known stoichiometry of Si etching [9, 14] . At the p-Si the dissolution rate is proportional to the sum of fluxes D and E. These two processes may indeed run in parallel, i.e. on different sites whereas step I necessarily follows either step D or step E. The net forward reaction is therefore Si-H + H20 + (1 -n) h+ ~ Si-OH + 2H++ (1 + n) e-, with 0 n 1. This equation simply expresses that the dissolution is a linear combination of the two reactions initiated by process D and mechanism E (see Fig. 5 , bottom line). Whenever mechanism E is negligible, n = 1 and the reaction is identical to the one given above for n-Si. In both cases the reverse reaction (process H) consumes electrons from the conduction band which are in a sufficiently large amount at the surface either because the bands are flat at n-Si or because the bending is nearly 1 V at p-Si.
Within this description, the influence of the doping level on the surface topography of p-Si depends on whether the limiting process is anodic or cathodic. In the first situation, increasing the doping level will increase the rate of hole capture by Si-H bond (process E) by tunneling into Si-H states (see Fig. 5d ). The effective barrier seen by free holes in thermionic emission becomes smaller which significantly enhances the EC dissolution. In the second case, the doping level will play on bulk recombination through a decrease of the diffusion length of carriers at highly doped p-Si. The rate of the compensating EC dissolution will therefore increase and an enhanced rate of pit nucleation is expected in both situation. None of these effects is expected at n-Si.
In conclusion, it has been shown that the enhancement of the electrochemical component of dissolution under "chemical" etching condition is responsible for surface roughening observed with highly doped p-Si samples etched in 40% NH4 F. Such an effect is not expected at n-Si with our model. Additional work is however necessary to go into more details of the mechanisms. Etch rate measurements with n-and p-Si of increasing doping density as well as STM/AFM imaging is underway to complete the preliminary results presented in this paper.
